
.-- . . . . . . . . . . . . . I
i

1ST’S 94-j-09

UNIQUE DESIGN ASPECTS OF SPACECRAFT
FOR PLANETARY MISSIONS

Ross M. Jones and Rcx W. Ridenoure

Jet Propulsion laboratory
California Institute of Technology

z1800 Oak Grove Dr.,
Pasadena, California 91109

USA

19th International Symposium on
Space Technology and Science

Yokohama, Japan
May 15-24, 19S)4

I

II
I

I
I

19th 1S1S Secretariat c/o The Institute of Space and Astronautical Science
6-1, Komaba  4- chome, Meguro=  ku, Tokyo 153, Japan
Tel 03- 3f167-  6724, Fax 03-3467-8486
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4800 Oak Grove Dr., Pasadena, California 91109

Abstraci

NASA has embarked on a program of “be.ttcr, faster, cheaper” missions for solar system  exploration.
NASA’s new direction includes a large role for private industry in building the spacecraft for these
new missions. ~’his new direction for NASA’s solar systenl exploration program poses a challenge to
spacecraft builders who have more experience to date with spacecraft for Iiarth orbiting missions.
~’he objective of this paper is to provide information on the unique design aspects  of spacecraft for
interplanetary missions in order to benefit those with little  or no c.xpcricnce  with this type of
spacecraft. }lopefully this process will enhance the probability of success and reduce the risk to
NASA for these types of missions. The paper will start by illustrating a range, of nlissions  with
varying scientific objectives for inner planets, outer planets, small bodies, and space physics - and
the.n acldrcss the added spacecraft capabilities or modifications compare.d to Iiarth-orbiter designs
which will make these missions possible.

‘1’his  paper will describe the unique aspects of these,  types of missions that drive the spacecraft
design process. Some issues such as Har[h and Sun range are obvious, but these and other
considerations also have a la]ge impact on most other spacecraft subsystems such as propulsion,
telecommunications, power, thermal and data processing:. Mission issues such as lifetime and
intc.rplanctary  navigation also affect the spacecraft design. ‘J’hc  interplanetary environment (neutral,
plasma, radiation and micrometeroid)  is also different than the near-liarth environment in important
areas. Finally, the interplanetary launch windows (son]  ctimes  as small as 2 weeks every 2 years)
drive the spacecraft design and test process in ways different than for many Iiarth-orbiting
spacecraft.

Spacecraft  for  planetary missions often
are designed to support mission payloads
that  arc substantial ly different  from the
majority of spacecraft designed for B;arth
o rb i t . W h i l e this paper draws
dist inctions between spacecraft for
p lane ta ry missions and spacecraft
designed for Harth orbit, it is sometimes a
difficult distinction to make because
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the re  i s  a  l a rge  va r i e ty  o f  Rarth  orbitin:,
spacecra f t . S o m e Earth o r b i t i n g
s p a c e c r a f t  have m a n y  o f  t h e  m i s s i o n
co]l)plexities o f  p l a n e t a r y spacecraft ,
s u c h  a s  h i g h l y  sensitiye and complex.
scic. ncc ins t rumen t s  o r  r equ i red  miss ion
lifetimes of up to 15 years. IIowevcr  the
majority o f  Harth orbiters, especial ly
s m a l l ,  l o w  c o s t  Ilarth o r b i t e r s  a r e  n o t
required to meet  the design and mission
rcc]uircments o f pas t p l a n e t a r y
spacecraft, In many cases, NASA is
counting on these small ,  low cost  Earth
orbiters  to be the “vehicle” on which to
implcme:nt “better, f a s t e r  a n d  clicapcr”
planetary missions.
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f o r  p l a n e t a r y  m i s s i o n s  and  s~l;;crafl
for }iarth orbital missions “ bc
d i f f e r e n t ,  i t  m a y  not be a p p a r e n t  what
these  diffe.re.nc.r.s are in the detai ls  of  the
spacecraft clcsign.

l’]lis pape r  do t s  no t  a t t empt  to  address
the unique a s p e c t s  o f p lane ta ry
spacecraft  that l a n d  o n  o t h e r  p l a n e t s .
Clearly these spacecraft are vast ly
different f rom the ordinary Earth
orbiter. l“his  p a p e r  d o t s  a t t e m p t  t o
cicscribe  the unique aspects  of  planetary
spacecraft for flyby and orbiter missions
in comparison to  comtnon  Earl]] o r b i t i n g
spacecra f t .

‘1’he  unique  dc.sign aspects  of  planetary
spacecraft a r e  causecl  b y  t h e  u n i q u e
aspects o f  tile missions they perform.
The  paper has two major sect ions based
upon  the  mis s ion  des ign : 1 )  w h a t  t h e
spacecraft does and 2 )  w h e r e the
spacecraft  goes. ~’he second  s e c t i o n  i s
f u r t h e r  d i v i d e d  i n t o  4  s u b s e c t i o n s :  1)
celestial mechanics 2) e a r t h  t o
spacecraft range, 3) mi’ssion  e n e r g y  a n d
4 )  e n v i r o n m e n t .  W i t h i n  e a c h  sectioI~,
the spacecra f t design issues are
described using the s tandard defini t ion
of spacecraft subsys tems  i . e . power,
propulsion, at t i tude control ,  command &
d a t a , m e c h a n i c a l s y s t e m s ,
tclccol]llllL]l]icatiol]s a n d thern~al
control. Along w i t h  t h e  u n i q u e  design
aspects o f  p]anctary  s p a c e c r a f t ,  t h i s
paper a t t e m p t s  t o  d e s c r i b e  son~c o f  t he
unique. aspects of operating a spacecraft
for a planetary mission.
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The  opera t ions  o f  p lane ta ry  spacecra f t
t e n d  t o be s h a r p l y d iv ided  be tween
cruise and Scicncc operations (orbital
o p e r a t i o n s ,  cucounter,  etc.). Parts o f  t h e
spacecraft may be “off” for long periods
of  time,  b u t  m u s t  w o r k  w h e n  the t i m e
comes. Short e.ncountcr  o r f lyby
missions such as Voyager require
e x t e n s i v e o n b o a r d s e q u e n c i n g
capability. M i s s i o n  c r i t i c a l  s e q u e n c e s
(C. g. orbit insertions, one time only

science opportunities) are made more
rc,liab]c  by e x t e n s i v e  fau]t p r o t e c t i o n .
Spacecra f t “safc&hold”  i s usua l ly
ihsufficic]lt  t o e n s u r e  a successful
mission in the event of a failure at a
c r i t i c a l  tinle.  ll]is issue  o f  l o n g  d o r m a n t
periods f o l l o w e d  b y  m i s s i o n  c r i t i c a l
events in f luences  the  ope ra t ions o f  t h e
spacecra f t f rom the t r a i n i n g  o f
p e r s o n n e l  to the t e s t i n g  o f t h c.
spacecraft before and after  launch.

S p a c e c r a f t  f o r  p l a n e t a r y  m i s s i o n s  a r e
often rc. c]uire.d t o  c a r r y  v e r y  s e n s i t i v e
n~agneto]nc.tcr-s  tha t  d r ive  the  spacec ra f t
to bc “magnetical ly clean”] a rare  (but
n o t  un]ward  o f )  r e q u i r e m e n t f o r  ltarth
o~bitc.  rs. T h e magne t i ca l ly c l e a n
r e q u i r e m e n t  i s a d d r e s s e d  b y  p i c k i n g
sl>ecial electronic I)arts and propulsion
c~mponc. nts and by” shielding o-thcr  parts
o r  usin  F, compensat ing magnetic fields. .
Ano the r  approach  to  the “ m a g n e t i c a l l y
clean” rcquircmcnt  i s  t o put the
magnetc)]neter on a l o n g  b o o m  w h i c h
d r i v e s  t h e spacecraft control system
design.

W h e n  a  gamma  r a y  s p e c t r o m e t e r  (GRS)
is part  of  the payload,  the materials  in
the space.craft m u s t  b e  i n v e n t o r i e d  t o
d e t e r m i n e  t h e i r  e l e m e n t a l  abllndaI~cics.
Cc.rtain  c.lernents are excluded] so as to
not swamp the signal for those elements
from the target planet . Sonlctimes
C’onl mon spacecraft components used  on
l~arth o r b i t i n g  s p a c e c r a f t  h a v e  t o  b e
r e p l a c e d  b y  s p e c i a l ,  m o r e  e x p e n s i v e
c o m p o n e n t s  d e s i g n e d  n o t  t o  usc t h e
of fencling, elements.

Planetary spacecraft sometimes are
callccl  upon  to  be  sepa rab le  in to  ma jo r
func t iona l  pa r t s . T h e  s e p a r a b l e  p a r t s
may be.  atmospheric probes or  landers.
“1’hesc s e p a r a b l e .  p a r t s  d r i v e  t h e  m a s s
properties o f  the clcsign and therefore
the con t ro l  sys t em as  we l l  a s  c rea t ing
n e e d s  f o r  r e l a y antenna s/rcccivers not
con]mo  Illy rec]uired o n  l\arth orbiting
spacecra f t ,
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Clea r ly  t i l e  l a rges t  f ac to r  tha t  causes
s p a c e c r a f t  for p l ane ta ry  mis s ions  to  be
cliffcrcnt  from Harlh  o r b i t i n g  s p a c e c r a f t
is the des t ina t ion for p lane ta ry
spacecra f t .  The design of  spacecraft  for
p lane ta ry  miss ions is driven by the
f o l l o w i n g  i t e m s  w h i c h  a r e  depcndeIlt
upon “whe.rc the. spacecra f t  goes” .

‘j’he f]rst is ~e]cstial  m e c h a n i c s .  o r  t h e
so la r  systcrn  dynamics i .e . ,  the posi t ion
of the planets relative to each other and
their veloci ty around the sun and
relat ive to each other and how well  we
can predict their position and velocity.

S e c o n d ,  the. earth  to s p a c e c r a f t  range is
enormous, usually several o r d e r s  o f
magnitude larger  than that  for  an }~arth
orbiter .  The range to the Harth is a result
o f  ccle.stial  m e c h a n i c s ,  b u t  clescrves  i t s
o w n  d i s c u s s i o n  b e c a u s e  o f  i t s  v e r y
substantial effect On spacecraft design.

T h i r d ,  t h e  m i s s i o nMMwg.y. causes  the
launch  /i Injection energy and the
required post-launch delta V  c a r r i e d  b y
the spacecraft  to be signif icantly larger
than the majority o f  Earth o r b i t i n g
spacecraft  and also causes the tip.fil~
t o  t h e  d e s t i n a t i o n to be very large
(measured in years) .

Fjn ally, spacecra f t for planetary
miss ions  a re  r equ i red  to  ope ra te  in  an
m~ironnl~.111  ttlat i s ,  i n  s o m e  inlportant
measures, d i f f e r e n t  f r o m  w h a t  Earth
orbiters expcrjcnce. The most important
environmental cliff crcnce is the S u n
range which  i s  a  nearly  c o n s t a n t  1 A U
for l~arth  orbiters and may be as large as
30 AIJ and as small as 0.02 AU for
spacecra f t des igned for p lane ta ry
missions.

Ce les t i a l  mechan ics  man i fes t s  i t s e l f  in
several obvious ways: 1) accessibility,
once injected onto the interplanetary

trajectory the spacecraft cannot be
acqu i red  by  the  Shu t t l e  for  upgrade  o r
repair a n d  2 )  n o  liarth  orbjter ncccls t o
clcal with superior c o n j u n c t i o n s .  A
super io r con junc t ion , w h e r e the
spacecraft is behind the Sun as seen
froln t h e Harth, c a u s e s
te l ecommunica t ions “b lackou t” fo:
several weeks.

Perhaps not so obvious is the manner in
which celestial mechanics influences
t h e  manner i n which the development
o f  a  p l a n e t a r y  s p a c e c r a f t  i s  m a n a g e d
with respec t  to  schedu les  and  t iming .
Celestial mechanics causes planetary
Iuissic)ns t o  h a v e  r i g i d  a n d  i n f r e q u e n t
l aunch  windows  where  the  t ime  to  the
next  launch wjndow  can be measured in
years or decades. The pressure to “get to
the launch pad” on time is enormous and
clrive. s the entire p ro jec t  f rom the  po in t
o f  view of schcclulcs  a n d  t i m i n g .  ~[arth
orbi t ing spacecra f t ce r t a in ly have
sche.clu]e  pressure  to  “ge t  to  the .  l aunch
pad” on time and failure to do so can be
measured directly in terms of financial
penalt ies .  llowever, if  an Earth orbit ing
spacecraft is delivered late to the launch
site and misses  the launch window, there
i s  u s u a l l y  a n o t h e r  launch w i n d o w  t h e
next w e e k  o r a l m o s t  a l w a y s  the n e x t
JI)O1”I  t }1 . It js an entirely djfferent
situation to have the next launch
window 2 years away or more. The
alignment of  planets  that  the Voyager 2
spacecraft used occurs approximately
once e v e r y  176 y e a r s .  ‘1’hc b e s t  time. t o
l aunch  a  spacec ra f t  to  obse rve  P lu to ’ s
atmosphere occurs during a several  year
period once. every 249 years.

]Iecausc l a u n c h  o p p o r t u n i t i e s  a r c  less
frequent  (and in some cases essentially
un ique) ,  t he  consequences  o f  p lane ta ry
sJ3acccraft  f a i l u r e m a y  b e  m o r e  severe
than for a typical Earth orbiter. This in
turn, create. s the need for high
rel iabi l i ty which is  usual ly implemented
v i a  p,reater  r o b u s t n e s s  i n  dcsi.gn ( p a r t
q u a l i t y ,  fau]t p r o t e c t i o n  ancl u s e  o f
r e d u n d a n c y ) .
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11.2 &rI_ti  !Q s pac_fXIti_

‘1’0 undcrslailcl  t h e  r a n g e s
instructive to know that

involved, it is
he range  f rom

tbc liarth  t o  g e o s y n c h r o n o u s  Earih o r b i t
(CillO)  i s  0 . 0 0 0 2 3 9  AIJ.  A  p l a n e t a r y
spacecra f t  a t  a  rang,c of 1 A U  f r o m  t h e
llarth  is  already a factor of 4,188 t imes
further away f r o m  t h e  Narth  t h a n  t h e ,
l;arth orbiter  at  GEC). The  e f fec t s  o f  the
enormous range between the spacecraft
a n d  the Harth  f o r  p l a n e t a r y  s p a c e c r a f t
c a n  bc divictcct i n t o  t h e  f o l l o w i n g  t h r e e
major areas: 1) the effects on the
spacmraft  t o  Harth telecommunications,
2 )  the e f f e c t s  o f  t h e  substrrntial  Barth  t o
spacec ra f t  l i gh t  t ime  and  3) s p a c e c r a f t
nav iga t ion .

11.2.1  7“clcco]]]lt][ll]icatiol]s

l:or tcleco]l]]]ll]]~icatiol]s, the received
power i s  i nve r se ly  p ropor t iona l  t o  t}]c
square of  the range.  The. power per  un i t
area received from a G}iO spacecra f t  i s
4 1 8 8  scluared o r  7 2 d b  larger t h a n  t h a t
f r o m  the, p lane ta ry  spacecra f t  a t  1  AU,
This r a n g e ctiffcrcnce causes many
d i f f e r e n c e s b e t w e e n t h e
tclcco]~]]l~ll]]icatio]]s d e s i g n f o r
planetary spacecraft and for Earth
orb i t e r s .

1 0 start with, there arc different
frcqLicncy  b a n d s  f o r  d e e p  s p a c e  a n d
near Earth. T h e r e c e i v e r
acquisi t ion/ tracking characteristics are
un ique f o r p l a n e t a r y spacecra f t .
C o m p a r e d  t o  t y p i c a l  llarth orbiters ,  the
rccc.ivcr  thrcsho]d  i s  v e r y  l o w ,  t h e  loop
b a n d w i d t h  i s very narrow and the
rcccive.d  s i g n a l s t r eng th  a t  t he  g round
s t a t i o n  i s very low fol planetary
spacccrnft, typical ly as  low as -150 dbm,
l{ccause  the  s igna l strength received on
t h e  ~round  i s  s o  l o w ,  N A S A  h a s  built
special g]ound stations which arc
collect ively called the Dce.p Space
Network  (I JSN). The DSN is a unique,
ne twork wi th its own in te r face
requircnicnts2, althollgh SO JIIC
standardizat ion between ground stations

i
for }ia[th orbi ters  and the IMN is  taking

f
I

place. ‘l’he lJSN is a unicluc  a s s e t  o n  a n [
intcrnatic)na] scale. 1’}lc, J)SN t r a c k s
p l a n e t a r y s p a c e c r a f t f rom m a n y \

c o u n t r i e s  b e s i d e s  t h e  lJS. While. the IJSN
provides the largest,

i
most sensitive 1

ground s ta t ions  ava i l ab le  in  the w o r l d ,
C]osinp, the telecol]]]~lullicatiolls link
(both up and down) is  s t i l l  so diff icult
t h a t  the m a r g i n left in the link for
p lane ta ry  spacecra f t  i s  f a r  less  than the
typicrrl  10 d b  u s e d  o n  liarth o r b i t e r s .  i n 1
orctcr  to minimim t h e  l o s s  d u e  t o  h i g h
ga in a n t e n n a po in t ing , p o i n t i n g /
accuracies arc more. stringent. I;ina]ly,
the stringent requirements 011 the
te l ecommunica t ions  l ink  fo r planetary
spacec ra f t  has  caused  the  deve lopment
o f s o p h i s t i c a t e d channe l c o d i n g
techniques such as Reed Solomon. Reed
Solomon encoding is now al so  be ing
applied to Earth orbiting spacecraft.

liven  with al l  the i tems rncntioncd  in  the
previous paragraph, the data rates for
p l a n e t a r y s p a c e c r a f t a re usua l ly
significaIltly  l e s s than for  Earth o rb i t e r s
o n  b o t h  the, uplink  a n d  t h e  d o w n l i n k .
l’he low uplink r a t e s  f o r  p l a n e t a r y
spacecr:ift can  p rec lude  commanding  i f
t h e  s p a c e c r a f t  h a s  h i g h  a t t i t u d e  r a t e s
caused by a mission need or a spacecraft
fau l t .  };arth o rb i t e r s  have  the  luxury  o f
be ing  ab le  to  r ece ive  a  command  f rom
almost  any at t i tude due to the avai lable
power from the “C 1 O S C” ground stations.
Conversely, planetary spacecraft  usually
have. spec i f i c atti tudes i n which
conln~a]tds  can bc r e c e i v e d .

‘1’he. lili~ited  d o w n l i n k  d a t a  r a t e  p u t s  a
p remium on  da ta  s to rage ,  compress ion ,
and intel l igent  use of the downlink, e.g.,
detai led plalining  o f da ta taking
sccaalios. l;:irth orbiters can use
r e l i a b l e , l o w - p o w e r , s o l i d - s t a t e
transmitters and o m n i a n t e n n a s  t o
support engineering telemetry. l;or
planetary spacecraft , the. high-power
translnittcrs are required for routine
co]]ll]lllllicatior]s,

l’he l imi ted  downl ink  ra t e .  :ilso a f f e c t s
the  manner  in which  the  spacecra f t  i s

I
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o p e r a t e d  i n  at least  Ille fo l lowing  two
ways, Planetary spacecraft  may transmit
only a s m a l l  p e r c e n t a g e .  o f  the d a t a
which can bc collected. This generates a
need to prioritize data or carefully pick
observations which are cxpcctcd  t o
include the clesired  data e.g. which frame.
of a Gali]co  lda pass to send down to get a
useful  picture. Aclditionally,  t h e  ]owcr
data rates reduce the cnginccring
visibi l i ty that planetary spacecraft
provides to the. ground operators relative
to what is available from llarth  orbi ters .

Bes ide . s  the  d i f f i cu l t i e s  caused  by  the
r a n g e , t e l e c o m m u n i c a t i o n s f o r
planetary spacecra f t  i s d i f fe ren t  f rom
that  for  llarth orbiters  for  t}lc  f o l l o w i n g
reasons: 1) s o m e t i m e s  t h e  s i g n a l  must
travel  through two atmospheres where.
one is  relat ively unknown, 2)  planetary
missions may have mole str ingent  radio
metric requirements (see sect ion 11.2,3)
a n d ~) t h e s p a c e c r a f t
tclecolnmun ications subsys t em i s used
w i t h  the. DSN as  a  sc ience  ins t rument ,
which sometimes causes the addit ion of
an  Ul t ra  Stable  OscillatoI  (USO)  o n  b o a r d
the s])acecraft.

11,2.2) S u b s t a n t i a l Earth to
Spacecraft  l,ight Time

M i s s i o n s  t o the plztnets take the
spacecraft  great  distances from Earth,  A
consequence o f  the large s p a c e c r a f t  t o
Harth  r a n g e a r e  v e r y  l o n g  r o u n d  t r i p
communication times. Round-trip l ight
time is as much as forty minutes for
M a r s  ancl 8  hours  at  Pluto  (30 AlJ).  T h e
round trip light time for an ]{arth
orbiter is at most a few tenths of a
second. The substantial  round tr ip l ight
time combined with certain t y p e s  o f
mission r e q u i r e m e n t s  d r i v e  p l a n e t a r y
spacecraft t o  bc m o r e  autonomolls  t h a n
an l;arth orbi t ing spacecraft  in order  to
have  similar  levels  of  mission r isk.  The
requ i rement fo r more autonomous
c a p a b i l i t y  f o r  p l a n e t a r y  s p a c e c r a f t  i s
most apparent i n the area o f  f a u l t
cictcction  and  recovery .

‘1’hc r e q u i r e m e n t  f o r  grcate.  r a u t o n o m y
for planetary spacecraft  is  i l lustrated by
considering t h a t  t h e  t i m e  r e q u i r e d  f o r
the ground o p e r a t o r s  o f an Earth
orbiting spacecraft  to receive knowledge
of a failure and pLlt correct ive act ion in
place  on the spacecraft is much less than
fc)r planetary spacecraft , The  n e e d  f o r
au tonomous  fault  diagnosis and recovery
OJI p]anctary s p a c e c r a f t  re.cluires t h e
clcsigners  to develop,  design,  and valiclate
c)n board software.  The addit ional fault
l~rotection s o f t w a r e  r e q u i r e s  c o m p u t e r
Illcmory, p r o c e s s i n g p o w e r and
additional telemetry data to implement.

‘l”hc ]ong  r o u n d  t r i p  light  t i m e  a f f e c t s
the manner in which p lane ta ry
spacecraft are commanded. A n  E a r t h
oIbiter  can  wa i t  fo r  a  s igna l  f rom the
ground  be fo re .  s t a r t ing  to  t r ansmi t  i t s
Iccorded t e l e m e t r y ;  a plane  tilry
spacecra f t cannot . 1 n a d d i t i o n ,  a
telecommand scheme in which receipt  of
OJIC command m u s t be a c k n o w l e d g e d
before the next is sent is clearly
unacceptable f o r  p l a n e t a r y  s p a c e c r a f t
with long l ight  times.

llcsides  the a r e a  o f  fall]t dctcctioIl  aI]d
protection and certain extreme mission
rec]uirements  like l a n d i n g  o n  a n o t h e r
J~]anct  w h i c h  a r e  b e y o n d  t h e  s c o p e  o f
t h i s  paper a n d p r o b a b l y  beyoncl  t h e
scope o f  t h e “be t te r ,  f as te r ,  cheaper”
p lane ta ry  mis s ions  a l so ;  ttrc a u t o n o m y
r e q u i r e m e n t s  f o r  p l a n e t a r y  s p a c e c r a f t
a n d  liarth o r b i t e r s  m a y  n o t  b e  m u c h
clifferent.  A s  l o n g  a s  t h e  s p a c e c r a f t  i s
con t ro l l ed from the ground , the
autonomy requirements are similar .
Certain spacecraft designs such as stable
spinners used o n  P i o n e e r  V e n u s  a n d
}’ioneers 10 and 11 a r e  e s p e c i a l l y  “ e a s y
to fly”. As mentioned above,  the “better,
faster, cheaper” planetary missions may
Ilot bc able to afforcl t he  type  o f  mis s ion
functionality which  would  requ i re the
spacecraft to be very autonomous.

11,2.3 Navigation

l>ue to the extreme distances over which
~,lanetary spacecra f t  mus t  be  navigatccl,
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high accuracy radio metric Clata are.
rc. quirect. Typical accuracy requirements
are a fc w m e t e r s f o r range
rile. asurcmc. nts and 0.1 Jlllll/SCC for
l)opp]cr ( a v e r a g e d  o v e r  onc m i n u t e ) .
“1’hcse  accuracy  requ i rements  imply  the
need for a wctl-calibrated coherent
ranging transponder. W h e n  t h e  t a r g e t
body p o s i t i o n  i s highly uncertain,
onboard o p t i c a l m e a s u r e m e n t s ,
consist ing of  images of  the.  target  bocly
against  a  s tar  background,  may also be
required for navigation. ‘I’his places
require.mcnts on an on  boa rd  imag ing
system for field-of-view, resolut ion,
geometric stabi l i ty ,  delectabi l i ty  of  dim
stars and noise characteristics; as we.]] as
telemetry rates s u f f i c i e n t  t o  downlink
these images  in a timely manner. In
solnc cases onboard processing o f  t h e
navigation images m a y  b e  r e q u i r e d  t o
reduce  the  c]uantity  o f  da ta  t r ansmi t t ed
to llarth  (as is the case for Galileo) or to
reduce response time for critical events.

Navigation for planetary missions causes
the spacecraft  designer to pay at tent ion
to unmodcled  accelerat ions such as those
f rom outfiassing,  l eakage  r ind  uncoup led
a t t i t u d e con t ro l m a n e u v e r s . T h e
spacecraft a c c e l e r a t i o n  d u e  t o  t h e s e
fo rces  shou ld  bc kept to a few n~nl/sec2,
Accelerations higher than this can
cause. increased navigation effort and
increased operat ions cost .

T h c d e s t i n a t i o n s fo l p l a n e t a r y
spacecraft  arc energetically a “long way
from earth”. The required mission
energy manifests itself  bo th  in  t e rms  o f
the del ta  V r e q u i r e d  f o r  i n j e c t i o n  a n d
after launch but also in trip time to the
des t ina t ion . Hecausc the requ i red
mission energies are s o  l a r g e ,  m o s t
p lane ta ry mission t ra jec to r i e s are
“ IJ] i n i m u in energy” t r a j e c t o r i e s .  A
c o n s e q u e n c e  o f these “ m i n i m u m
energy” trajectories and the vast
d i s t ances  a re long trip times to the
destination. Both the spacecraft  del ta  V

a n d  lrip time for  p lane ta ry  spacecra f t
a r c  larger,  s o m e t i m e s  m u c h  larger,  than
the values for delta V and trip for the
nlajo Iity  of l~arlh o rb i t ing  spacec ra f t .

‘]’he.  l a rges t  de l t a  V  fo r  Earth o r b i t i n g
spacecra f t  i s normally r e q u i r e d  b y  a
g e o s y n c h r o n o u s c o m m u n i c a t i o n
spacecraft where t h e  d e l t a  V  rcc]uired t o
go f rom low liarth  orbi t  (1.};0) to CiIiO is
a b o u t  4 2 0 0  m/sec. The total clclta V
beyond 1.1;0 for some planetary missions
i s  3 9 0 0  Jn/scc for a lunar  o r b i t e r  with a
trip time. of about 7 days, 5700 rnkcc for
a Mars orbiter  wi[h a trip time of about
0,7 year;  85,000 nl/scc for a Mars orbiter
with a trip time. of about 40 days and
13,400  m/scc  fo r  a  Nep tune  o rb i t e r  wi th

3 UsLlally, p a r t  o f  t h i sa 30 year trip time- .
delta  V is supplied by the launch vehicle
for both the liart}l orbiters and
planetary spacecraft.

Several  of  these planetary mission have
not  be pe r fo rmed  p rec i se ly  because  the
detta  V trip time combination is so large.
Because  o f  the  l a rge  de l t a  V  fo r  some
plal)etary missions, there has been
research into electr ic  propulsion system
and the use o f the target body
atrnc)spheres  t o  a i d  i n  c a p t u r e  a t  t h e
planet  i .e . “acrobraking”. Both electr ic
p ropu l s ion and aerobraking Iiave
significant in flLlences oJ~ t h e  design o f
t h e  s p a c e c r a f t  w h i c h  a r e  b e y o n d  t h e
sc.o~w of this paper.

As n~cntioned above the d e l t a  V
r e q u i r e m e n t s  f o r  b o t h  Harth o r b i t e r s
ancl p l a n e t a r y  s p a c e c r a f t arc usually
part ial ly supplied by the launc}~ veh ic l e
or its uppc.  r stages. The delta  V
remaining for the spacecraft  to perform
is sometimes much reduced. Earth
orbiting s p a c e c r a f t  n o r m a l l y  h a v e  low
clclta V requ i rements except for
gee)  synchronous c o m m u n i c a t i o n
spacecraft where the total delta V budget
c a n  be c lose  to  2000  Jn/sec. “1’he  de l t a  V
rccluircrnents for rcccnt a n d planned
plalictary  o r b i t e r s a r e  2 4 0 0  nl/scc f o r ’
hflars  obse rve r ,  2885  fo r  Magcllan,  1 6 5 0
for Galileo, and 2290 for Cassini.  A Comet



Rcndc7,vous  m i s s i o n being p l a n n e d  b y
IiSA requires  about  2100 n~/scc.  q’he del ta
V  for t h e s e  p l a n e t a r y  o r b i t e r s  a n d  t}lc
GIiO  communications spacecraft arc not
s i g n i f i c a n t l y  diffcre.  nt, b[~t t he  nlanncr
i n  w h i c h  t}]e delta V  i s  a p p l i e d  d u r i n g
the miss ion  causes t h e  design  of t h e
s p a c e c r a f t  t o b e  d i f f e r e n t  i n Some
important ways w h i c h  ate d i scussed  in
the paragraphs below.

‘1’hc long trip times are another result of
the fact that planetary spacecraft
destinations a r e  e n e r g e t i c a l l y  a “long
w a y  f r o m  e a r t h ” . W h i l e  s o m e  Ilarth
orbiters have design lives as long as 15
years,  the durat ion from their  launch to
start of operations is measured in weeks,
whereas for some planetary missions the
true mission does not start until the
s p a c e c r a f t has t r a v e l e d  t o the
destination, which  may  take  years .  The
M a r s  C )  bserver spacecraft h a d  b e e n
t rave l ing  fo r  nea r ly  a  yea r  be fo re  i t s
catastro~~he. Mos t liarth orb i t i ng
spacecraft w o u l d  b e  well  i n t o  n o r m a l
operations within a year and some would
bc finishc.d with operat ions.  The Gali leo,
Cassini  ancl a Pluto fast  f lyby spacecraft
m u s t  tl-avcl  for 6,  6.64 a n d  about 85 y e a r s
re. spcctively, b e f o r e  o p e r a t i o n s  a t  their
dest inat ion can b e g i n !  T h e  V o y a g e r  2
s p a c e c r a f t  t r a v e l e d  f o r  12 years b e f o r e
its successful encounter with Neptune.

These dc.lta V  a n d  t r i p  r e q u i r e m e n t s
cause the d e s i g n  o f  s p a c e c r a f t for
planetary missions to differ  from Earth
orbiting spacecraft i n t h e  f o l l o w i n g
areas .

I’hc large launch energ ies cause
planetary spacecraft to  be  l aunched  on
the. largest l aunch  veh ic l e s  ava i l ab le
usually with additional upper stages.
This  combination of  launch vehicle and
upper stage(s)  is  rarely used for Earth
orbiting spacecraft and somet imes  i s
unique to  the  p lane ta ry mission, ‘l’he
launch vehicle/upper s tage combination
p l a c e  l a u n c h  l o a d  requiretncnts  that  are
a t  l eas t  d i f fe ren t  f rom those normally
rncountcred by l{arth o r b i t i n g

spacecraft, a]th  OLlgh they arc not so
different as t o  b e  o u t s i d e  t h e  clesign
space u s e d  b y  s p a c e c r a f t  a n d  l a u n c h
vehicle d e s i g n e r s  f o r  c o u p l e d  l o a d
analyses. in  a  p rogrammat ic  sense ,  the
large, e x p e n s i v e  launch v e h i c l e / u p p e r
stage combinations acid cost , schedule
and per fo rmance  uncer ta in ty into a
p lane ta ry  p ro jec t  above  those  norn~al]y
found in l{arth  orbi t ing missions.

T h e  large clclta V  r e q u i r e m e n t s  ancl t h e
long. durat ion between launch and orbit
inscrticln, where. the clelta V  i s  a p p l i e d ;
cause notable. cliff erences  i n the
chemical propulsion s u b s y s t e m s  o f
p lane ta ry spacecra f t . The primary
engine  USCCI t o  d e l i v e r  t h e  nlission  d e l t a
V on a planetary spacecraft may have tc}
operate for  up to 10 hours and perform
200 cycles compared to a similar engine
usecl on an Earth orbi ter  that  may only
need to operate for  2 hours and only 5
Cycles. For  a  p lane ta ry  spacecra f t ,  the
prc)pellant feed and pressu r i za t ion
system l ife requirement may be severa l
yeals. Earth orbiters, s u c h  a s G11O
conlmunication spacecraft, use m o s t  o f
t h e i r  p r o p e l l a n t  during  t h e  f i r s t  f e w
weeks of the mission after which the bi -
p r o p e l l a n t m a i n e n g i n e a n d
p r e s s u r i z a t i o n  system  are isolatecl for  the
remainder  o f  the  miss ion .  The  long l i fe
rec]uircrncnt  fo r  the  p rope l l an t  f eed  and
pressurizat ion system for planetary
spacecraft  require careful  considerat ion
o f press urant l e a k a g e a n d
prc)pel  l ant/tankage m a t e r i a l
in t e rac t ions  which  can  l ead  to  b locked
prope l l an t l i n e s .  T o reduce the
probabil i ty  of  propel lant  l ine blockage,
the Gali leo spacecraft hi-propellant
subsystem is used on a routine basis to
recluce. the accumulat ion of  co r ros ion
products6. l’hc requircme.nt  f o r  a  l o n g
s t o r a g e  i n s p a c e  f o r  the p r o p u l s i o n
subsystem can drive the requirement for
add i t iona l i so l a t ion be tween the
propellants  which cause addit ional  pyro
ancl latch valves to be used.

‘I”tic lack of  proper design
within the hi-propellant

and isolation
pressurization
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system  on the, M a r s  O b s e r v e r  s p a c e c r a f t
i s  thCm@t to be a  l e a d i n g  cause  o f  i t s
failurc7.

l’hc Magcllan spacecraft  orbit ing Venus
used a large  solid roclcct  motor (SRM) for
orbit insertion. The. l o n g  d u r a t i o n  o f
“storage” in space caused concern about
whether the SRM would ignite and burn
properly. SRMS for IIarth  o r b i t e r s  a r e
fired usually within days of launch. The
trajectories usec] f o r  s o m e  p l a n e t a r y
missions often requ i re  large m a n e u v e r s
i n route. which cause the primary
propulsion system to be used  many  times
with a series of  large “burns” required
f o r  o r b i t  i n s e r t i o n  w h i c h  c a n  o c c u r
years a f t e r  l a u n c h .  T h e  e x p e n d i t u r e  o f
large amounts o f  p r o p e l l a n t  c a u s e  the
spacecraft i n e r t i a  p r o p e r t i e s  t o  change
dran~rttically  a s  a  f u n c t i o n  o f  m i s s i o n
time, which  mus t  be  accommoda ted  by
the s p a c e c r a f t a t t i t u d e c o n t r o l
subsystcm. I>UC to the sensitive scientific
instrunlcnts c a r r i e d  o n p lane ta ry
spacecraft, t he  con tamina t ion  f rom the
exhaust products of  chemica l  propulsic)rr
n~lgines c a n  be a  m a j o r  c o n c e r n . ‘Ilis
contanlination issue can in f]ucncc the
manner i n which the engines are
operated and t h e  p l a c e m e n t  o f  t}le
instruments relat ive to the engines.  This
contamination i s sue  can a l so  ex i s t  fo r
l;arth orbi ters  that  carry similar  types of
i n s t r u m e n t s .

‘1’he planetary spacecraft  thermal design
a n d  power consu  Jnption arc sometimes
clrivcn b y  the requirern~nt  t o  k e e p  t h e
large amounts o f  p r o p e l l a n t  a t the
appropriate tempera tu re during the
l o n g  c r u i s e  b e t w e e n  l a u n c h  a n d  o r b i t
i n se r t ion .

l;arth orbiters ach ieve their final
spacecra f t mechan ica l conf igura t ion
r e l a t i v e l y  early  in their life.  B e c a u s e  o f
t h e  l o n g  c r u i s e  b e t w e e n  l a u n c h  a n d
destination, man y planetary spacecraft
d o  nol obtain their  f inal  configurat ion
until ]nany months  o r y e a r s  i n t o  t h e
mission. The  Mars  Observer  spacecra f t
w a s  t o  h a v e  d e p l o y e d  solar pane l s ,  the,

high gain an tenna  boom and  a  sc i ence
instrument boom after insertion at Mars,
nearly o n e  y e a r a f t e r  l a u n c h ,  T h e
Galileo  a n d Cassinis spacecraft will
r e l e a s e  l a r g e  probes  some  6 t o  7  years
after l a u n c h .  T h e  G a l i l e o h i g h  g a i n
arltenna, w h i c h  f a i l e d  t o completely
open, is an example of  a  mechan ica l
actuation system used successful ly on
]iarth  c)rbitcrs  w h i c h  f a i l e d  tc) work  on  a
planetary spacecraft . (Whi le  the  ac tua l
cause of the Gali leo antenna fai lure may
ne. ve.r be k n o w n , the speculated cause is
t h o u g h t  t o  b e  g r o u n d  h a n d l i n g  r a t h e r
than space storage.) The issue is whether
wiechanical a c t u a t i o n  d e v i c e s  a r e  l e s s
reliable a f t e r  a long storagelsoak i n
space .  Po ten t i a l  design  changes  inc lude
rc. clund ant actuators.

‘1’lle  dulation  o f  p l a n e t a r y  m i s s i o n s  a l s o
has a large influence on the o p e r a t i o n s
of the spacecraft  in the fol lowing arciis.

W i t h  c r u i s e  s u c h  a n  i m p o r t a n t  a n d
lengthy part of the mission, it is usually
necessary to develop an additional set of
opera t iona l m o d e s , sof tware and
prc)cedures. l~oi mis s ion durations
lne. asurcd i n d e c a d e s , pe r sonne l
turnover and r e t r a i n i n g  h a v e  t o  be
addressed.  This increases the importance
c]f b o t h  s p a c e c r a f t  o p e r a b i l i t y ,  s o  t h e
nc.w p e r s o n n e l  h a v e  a n  e a s i e r  t i m e
learning, and robustness, since on-the-
jc)b t raining implies  on-the-job mistakes.
Iri order to r e d u c e  p e a k  y e a r  c o s t s  a n d
because the trip time to the destination is
s o  long,  quite o f t e n  t h e  dcveloprncnt  o f
encoun te r c o m m a n d s e q u e n c e s  i s
clefcrrcd unti l a f t e r launch. l“he
s~)acccraft des ign mus t not only
ticcommodatc  t h e  n e w flight software,
but  i t  a lso must  be amenable  to test  and
trc)uble-shooting “on the fly”. The
continuing evolution o f  d a t a Systelns
technology can a l s o  h a v e  a n  i m p a c t
w h e n  i t  i s  c o u p l e d  w i t h  lc)ng m i s s i o n
duration. I t  m a y  b e c o m e  n e c e s s a r y  t o
change out portions of the ground
system during the mission.  Expert ise in
ag, ing fl ight  and ground architectures
bccomcs ha rde r  to  come  by  and  re ta in .
Whi]e t h e  l o n g  d u r a t i o n s  a r e  u s u a l l y
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thought of as making the design of
p lane ta ry  spacecra f t  more  diff icul t  than
}larth o rb i t e r s ,  t he  long  c ru i se  tirncs d o
provide plenty of t ime to diagnose and
hopefully correct  any errors  that  occur
before the primary mission begins.

‘1’hc ma te r i a l  in  the  p rev ious  pa ragraph
is most applicable to very long missions.
Some of the. “ b e t t e r ,  f a s t e r ,  c h e a p e r ”
p l a n e t a r y  m i s s i o n s  o f  the f u t u r e  w i l l
have signif icant ly shorter durations
which  wi l l  bc more  cons i s t en t  wi th  the
cxpcricnce of J}arth orbit ing spacecraft ,

11.4 I;nvironment

The  l a s t  o f  the  subareas  wi th in  “where
the .  s])acccraft  i s  go ing”  tha t  d r ives  the
spacecraft design is  the environment in
which the spacecra f t  i s r e q u i r e d  to
operate. Clearly t h e  e n v i r o n m e n t  f o r
planetary s p a c e c r a f t  i s ,  i n some
important measures, very different  from
what  Iiarth  o rb i t e r s  exper ience .  To  s t a r t
wit}l, t he  env i ronment ,  a]thoLlgh usua l ly
quite stable, i s  more  unce r t a in  than  in
other’ types of  missions.  @ite often one
of the reasons for the nlission  is to learn
more about  the environment.  Designing
fo r  a  r e l a t ive ly  unknown env i ronment
can  reqLlire  more  ana lyses  and  marg ins
in order  to  keep  the  mis s ion  r i sk  l eve l
c lose  to  tha t  fo r  Ear th  o rb i t e r s . This
cliscussion o f  h o w the environment
a f fec t s the d e s i g n  o f p lane ta ry
spacecraft is divided into: 1) the effects
from space radiation, 2) the effects from
sol id  l)articles 3) the effects  of  the Sun
range being different  than 1 AU and 4)
the lack of the Earth being present.

11.4,1 Space Radiation

1 n g e n e r a l , s p a c e r a d i a t i o n
env i ronment s can be convenient ly
divided into: planetary trapped radiation,
ga lac t i c  cosmic radiation, and solar
energetic part icles.

IIowe.ver, other planetary radiation belts
can pose a serio Lls t h r e a t  t o  p l a n e t a r y
spacecraft. The  r a d i a t i o n  e n v i r o n m e n t
a r o u n d  J u p i t e r  i s  p a r t i c u l a r l y  s e v e r e ,
and JPI.  experience has shown that  even
r e l a t i v e l y  b r i e f  p a s s a g e s  t h r o u g h  t h e
Jovian env i ronment ( fo r example ,
during gravi ty assis ts)  can clominate  the
total  mission dose.  IIeavy ion f luxes are
also sufficiently i n t e n s e  t o disr Llpt
spacecraft critical mission fLlnctions
during such o p e r a t i o n s  due to  s ing l e
event effects (SP;E).

G a l a c t i c  c o s m i c r a d i a t i o n  (CiCR)  i s
c o m p o s e d  o f high energy nLlclei
believed t o  p r o p a g a t e  t h r o u g h o u t  a l l
space unoccupied by dense matter ,  The
};arth’s m a g n e t i c  field proviclcs  s o m e
shielding against this radiation for
spacecraft  in low to medium  liarth  orbi ts .
l;ven s o , the  r ad ia t ion  fJux a s s o c i a t e d
with C] Cl{ in interplanetary space is low
ancl does not  contr ibute s ignif icant ly to
mission total ionizing dose, bLlt sufficient
heavy  ions are present in the GCR
]Jopulations to create a SEE threat  t o  some
e lec t ron ic  pa r t s  throL~ghout  the m i s s i o n .

Solar energetic particles arc also
at tenuated by the Iiarth’s  magnetic f ield,
and  in  in te rp lane ta ry  space ,  fJLlxes  d u e
to a given solar  event may be 2-3 t imes
more i n t e n s e  t h a n  n e a r  t h e  Earth a n d
present  both a total dose and SIiIi threat .
Solar event fluerrces fall off as the
inverse s q u a r e  o f the heliocentr ic
d i s t a n c e  oLltsidc  the };arth’s  orbit ,  so this
effect is mitigated for direct trajectories
to the outer planets, B u t part icle
flucnces  arc c o n s i d e r e d  t o o b e y  a n
il)verse  c u b e d  l a w  irrside 1 ALJ a n d ,  f o r
plane.tary spacecraft de.stincd  f o r  V e n u s
or Mere Llry, t h e  h a z a r d s  duc t o  s o l a r
event radiation may be vastly increased.
]n the. extreme case. of a spacecraft
performing a close solar  passage ( i .  e . ,
within a few radii of the SLln)  a single
modera te sized so la r event can
incapacitate the spacecraft .

llxccpt  f o r  a  r e l a t i v e l y  s w i f t  p a s s a g e
through thcm, the Earth’s trapped
r a d i a t i o n  b e l t s  h a v e  l i t t l e  e f f e c t  o n
i n t e r p l a n e t a r y s p a c e c r a f t d e s i g n .
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11.4.2 Solid  Parliclcs

“J’hc solid p a r t i c l e h a z a r d f o r
interplanetary missions comes  f rom two
sources: micrometeoroids  ( p a r t i c l e s  i n
orbit  arout][i  the Sun) and dust  (part icles
i n o r b i t  a r o u n d  a n o t h e r  s o l a r system
body). Ar t i f i c i a l  debr i s  i s  encoun te red
only in the immediate post- launch phase
of the mission.  Particle fluxes are low in
intcrp]anc. tary space, but encounter
veloci t ies  tend to be very high (-15-50
knlls) and, thus, very damaging.
Iincountcr  ve loc i t i e s  wi th  dus t  pa r t i c l e s
Clcpend u p o n the na tu re o f the
encounter.  That is ,  encounter velocit ies
f o r  Cassini wi th  Sa tu rn ring particles
( s ince  Cassini g o e s into orbit  and does
no t  pas s  Sa tu rn  h igh  speed  as i t  would
for  gravi ty assis t) wi l l  bc m u c h  l o w e r
than encounter  velocit ies  for  Voyager.

11.4.3 Su]l Range

T h e  solal-  rallgc a f fec t s  the  power  and
thermal control  subsystems.  Not only is
the range to the Sun not 1 AU, but the
r a n g e  to the Sun can have large
variations during the mission. T h i s  i s
especial ly t rue for  missions l ike Cassini
a n d  G a l i l e o  w h i c h  go i n t o  V e n u s  a n d
then out 10 the o u t e r  planctsi  ‘I%e Cassini
s p a c e c r a f t  i s be ing designed8  t o
accommodate  a S u n  range that varies
from 0.61 to 10.07 AU. Even a Mars
orbiter  must  accommodate a factor of  3
change i n sc)lar i n t ens i ty . A  M e r c u r y
o r b i t e r  will })ave to  con tend  wi th  1  Sun
near  13arth  and at  Mercury,  11 Suns (of
short wave IR)  on one side of the
spacec ra f t  and  9  suns  (o f  long wave 11{
from the planet’s su r face )  on  the o the r
s i d e .  A  fcw h o u r s  later t h e  s p a c e c r a f t
will be ill solar eclipse.

l;arth  orbi ters  have the “in Sun” and “in
ecl ipse” design points , while the
planetary o r b i t e r  h a s  the “ i n eclipse”
and an “in Sun” condition that may vary
ctrama(ically  o v e r  t h e  c o u r s e  o f  t h e
mission. A t  a  m i n i m u m ,  m o r e  t h e r m a l
analyses and test ing may be required in
o r d e r  t o  c o n f i d e n t l y  s p a n  the m i s s i o n

design space for a planetary mission. Not
only may additional analyses and testing
be lcquircd,  but fo r  t hose  mis s ions  go ing
to less than 1 AU the set of thermal
control materials and  pa in t s available
f o r  u s e  m a y be m o r e  l i m i t e d ,  a n d / o r
cntile.]y  n e w m a t e r i a l s  m a y  need  to  be
de.ve]opcd.

IIesidcs  t h e  thermal  c o n t r o l  subsystcm,
the power subsystem is  great ly affected
by the Sun range encountered by a
pla]le.  tary spacecraft .  The effects  on the
power subsystem arc direct ly opposi te ,
d e p e n d i n g  u p o n  w h e t h e r  t h e  q?ission
dest inat ion is  less than or greater than 1
AU. S p a c e c r a f t  g o i n g  t o  t h e  i n n e r
planets h a v e  t h e  p r o b l e m  o f  ~~ower
increasing with mission time up to some
point where typical solar cells  deve loped
f o r  llarth o rb i t e r s  a re  no  lon.gcr u s a b l e
without special coatings, or not usable at
all.

S p a c e c r a f t  g o i n g  t o  t h e  c)uter p l a n e t s
have. t h e  p r o b l e m  o f  p o w e r  ciecrcasing
with mission time up to some point
whc.rc typ ica l  so l a r cel ls  developed for
Harth orbiters are no longer  usab le .
‘1’hc.sc missions sometimes must invest in
so la r  cells  that  can operate at  very low
solar intensities, i.e., the so called “low
intensity, low temperature” (1.11.”1’) solar
cells. The spacecraft  for these missions
usua l ly invcs.t d e s i g n time or
deve lopmen t  do l l a r s  in to  consuming  as
little power  a s  poss ib le  v i a  des ign  and
opcr:itional approachc.  s ,  or development
o f  p o w e r efficient tccbnologics, Solar
p o w e r e d  s p a c e c r a f t  g o i n g  b e y o n d  1 AU
have the problem of  more  power than
they need CIOSC t o  l;arth.  ‘1’hc M a r s
obse rve r spacecraft was deliberately
po in ted  o f f  t he  Sun  dur ing  c ru i se  and
h a d  2  o f  6  panels  undeploycd  in  orclcr to
deal with an excess of power near Harth.
Of course ano the r  approach  would  have
be.cn t o  p r o d u c e  t h e  p o w e r  a n d  t h e n
shunt it and radiate the excess.

A CO1II1I1O11 design challen~e f o r  t h e
planetary spacecraft whose  des t ina t ion
is greater  than 1 AU is the fact that the
spacecraft t e n d s  t o c o o l  d u r i n g  the



mission unless steps are t a k e n  to
decrease heat loss or provide “make up”
heat, bo th  a  func t ion  o f  mis s ion  t ime .
A n d ,  o f  c o u r s e , for s o l a r  p o w e r e d
spacecra f t  the .  power  pe r  un i t  a rea  o f
solar array is decreasing at the same rate
as is the demand for “make up” heat
from heaters  is  increasing.

so m c planetary spacecraft do not use
solar arrays at all. Some missions going
to the outer planets find it beneficial to
switch tc) R a d i o i s o t o p e  ‘l”hermoelectric
Cicncrators  (RTGs)  f o r  e l e c t r i c  p o w e r
production lihc  dec i s ion  to  use  R’I’Gs or
solar  arrays or a combination of the two
or other  p o w e r sources for  missions to
the outer p l a n e t s  d e p e n d s  u p o n  t h e
mission (where i t  is  going and for  how
long),  the state of readiness of the
various power source options, the
acccptab]c level  o f  mis s ion  r i sk  and  the
amount of  resources ( t ime and dollars)
that are available to the mission.

once  a  nlission  has chosen to use RTCis,
the  spacec ra f t  des ign  changes  in  many
ways compared to that of ]iarth  orbi ters .
A l t h o u g h  RTGs have been used on Earth
orbiters, it was about 20 years ago in a
time period w h e n  n u c l e a r  s a f e t y  w a s
much less of an issue than now. The
addition of RTGs to a spacecraft cause the
fol lowing design issues t o  d e m a n d
attention. A new rad ia t ion  env i ronment
m u s t bc accommodated . Although
gammas and neutrons from R1’Gs pose no
s ing le  even t  e f fec t s  (SE%;) th rea t ,  they
contribute a major part of the total dose
to  nea rby  e lec t ron ic  componen t s .  These
r a d i a t i o n f o r m s a r e c o n s i d e r e d
“unshicldab]e”  i n the sense t h a t  n o
amount of shielding that w o u l d  b e
practical on a spacecraft is sufficient to
bc e f f e c t i v e  a g a i n s t  t h e s e  p a r t i c l e s .
C)ften some  o f  the  sc ience  ins t rument s
can be “blinded” by the warm RTG, and a
RTCi  s h a d e  i s required. Somet imes  a
coo l ing  systcm must be included in order
t o  k e e p  the spacecraft from overheating
once  cnc]osed  in the launch vehicle. The
RTG will  p r o b a b l y  b e  r e q u i r e d  t o  be
conductivcly  isolated from the rest of the
spacecraft  unless,  the designer t r ies  to

make  usc of the RTG waste  hea t  to  keep
the s p a c e c r a f t  w a r m ,  w h i c h  i s  a  g o o d
idea but makes the thermal design of the
spacecraft  much more complicated than
that of an ordinary I;ar[h  orbi ter .

He.sicle.s t h e  v e r y  r e a l  a n d  s o m e t i m e s
expens ive  t echn ica l  design issues  t h a t
need to be dealt with when using RTGs,
the Jc. are also real aJ]cl p o t e n t i a l l y
e x p e n s i v e  ( m e a s u r e d  i n mil l ions)
cnvi  Ionmcntal  a n d  s a f e t y  c!esign  i s s u e s .
These iss LJes are e m b o d i e d  i n two
separate, clistinct  processes: the National
l~nvironmental Policy A c t  (NEPA)
compliance process, and the l a u n c h
approval process dictated by Presidential
l>irective/NSC-25. NliPA r e q u i r e s  a n
I;nvironmcntal A s s e s s m e n t
Iinvironmental IJnpact state Jnent ::
prepared and re leased for publ ic
comment prior t o  new start f o r  e a c h
N A S A  f l i g h t  p r o j e c t .  A  m i s s i o n  Llsing
Rad io i so tope  IIeater  Units (RIIUS) or RTCis
must  consider the potential  radiological
risk of these power sources in the EIS (or
an RA to determine if any accident
scenarios invoIving  r a d i o l o g i c a l  reIcases
arc. possible, in which case an F.IS could
bc required). For those planetary
missions that use an Earth  gravity assist,
t h e HIS mus t i n c l u d e se r ious
cons ide ra t ion  o f the  p robab i l i t y and
conse. qucnces of an inadvcrteJlt  Harth
rec Jltry. PD/NSC-25 rcqlJires  a n
interagency safety analysis  process that
concludes with Presidential  approval  to
]aunch t h e  m i s s i o n
power source.

Hecause  o f  the  clifficu
the u s i n g  RTGs,  t h e
progran19  o f  s m a l l
excludes the use of

with tlie nuclear

ties and expense of
proposed IJiscovery
planetary missions

tTGs on spacecraft
p r o p o s e d  f o r  D i s c o v e r y  mission;.  liven
on missions to the far outer planets, such
as the proposed P lu to  F’ast  Flyby,  there
a r e s u g g e s t e d a p p r o a c h e s f o r
performing the mission without  an RTG.
These design approaches include
essential ly turning the spacecraft  “off”
duJing  l a r g e .  f r a c t i o n s  o f  t h e  crllise
p h a s e .  a n d  u s i n g  chemical  enW3Y f o r



the re la t ive ly high power , shor t
duration encounter phase.

11.4.4 Absence of the liarth

‘l’he fact that planetary spacecraft do not
orbit around t h e  Harth,  a f f e c t s  t h e
attitude. control subsystem greatly.
Without a  h o r i z o n ,  h o r i z o n  s e n s o r s
canno t  be used  fo r  a t t i tude  re fe rence .
For orbiters around other planets ,
ho r i zon  sensor s  des igned  fo r  Earth  need
to b e  modifiecl  t o a c c o m m o d a t e  a
d i f f e r e n t  a t m o s p h e r e  o r  t h e  lack  of an
atmosphere. GPS receivers c a n n o t  be
used  fo r  o rb i t  o r  a t t i t ude  in fo rma t ion .
Without  the Earth to use as  an at t i tude
reference, planetary s p a c e c r a f t  become
highly (Icpcnde.nt on celestial sensors
and celestial at t i tude determination.
W i t h o u t  a  well  charactcrizcd, a d e q u a t e l y
strong magnetic f ield, magnetic  torque
rods cannot be used for at t i tude
maneuvers  o r to desatuate  m o m e n t u m
wheels, and  the magne t i c  f i e ld  canno t
bc used as an at t i tude reference.  While
planetary spacecraft  may be sent to orbit
planets that have  a  magne t i c  f i e ld ,  i t  i s
u s u a l l y  the, case tha t  the  magne t i c  f i e ld
is not known well enough to usc for
at t i tude de te rmina t ion and control
purposes. A final item that can make the
design o f  p l a n e t a r y  s p a c e c r a f t  e a s i e r
than t h a t  o f E a r t h  o r b i t e r s  i s  t h a t
planetary spacecraft (as far as we know)
do not  need to contend with the atomic
oxygen found in low P,arth orbit.

Summary and Conclusion

The u n i q u e  a s p e c t s  o f  s p a c e c r a f t  f o r
p l a n e t a r y  m i s s i o n s  a r e  c a u s e d  b y  t h e
unique missions which  they  a re  ca l l ed
upon to perform. Some of  the unique
aspec t s  o f  p lane ta ry  spacecra f t  a re  due
to  wha t  the spacec ra f t  i s  do ing ,  Hut for
ordinary f lyby and orbi ter  missions the
d i f f e r e n c e s  be.twe.c.n  l~arth o r b i t e r s  a n d
planetary spacecraft  are not  so large.  In
the cost  constrained environment of  the
prcse. nt and foreseeable future,  what the
spacecraft  is  called  upon to do will not be
so m u c h  d i f f e r e n t  t h a n  w h a t  Harth
orbiters do.

IIowcvcr, where the spacecraft  goes will
cotltinuc  t o cause spacecra f t for
planetary lnissions  t o have several
sif, nificant differences compared to
liaI  th orbiters. T h e s e  d i f f e r e n c e s  a r c
sutnmarized  in table 1. The large Earth to
spacecraft  range for planetary missions
d r i v e s t h e t e l e c o m m u n i c a t i o n s
subsystem and navigation func t ion  to
h a v e  u n i q u e  a s p e c t s .  T h e  large llarth
range. causes the round tr ip light  t ime to
he long which drives the faul t  cletc.ction
and recovery design for planetary
sp:icccraft.  I,arge m i s s i o n  e n e r g i e s  c a u s e
pl:inetary  spacecra f t to  be l a u n c h e d  o n
sonictin~es u n i q u e  l a u n c h  vchiclcs  and to
have  ve ry  long  c ru i se  du ra t ions  and  to
per fo rm the i r p r imary propu l s ion
functions and ach ieve their final
inc. ctlanical configurations years after
launch. The e n v i r o n m e n t  i n  w h i c h  t h e
planetary spacecraft operate.s  has some
unic]ue aspects different fro m what
liarth o rb i t e r s  exper i ence  in  the  area  of
space radiat ion. Hut the primari ly
e n v i r o n m e n t a l  d i f f e r e n c e  i s  t h e  S u n
ratige which causes some planetary
s p a c e c r a f t  t o  be r e q u i r e d  t o  go to  t he
extrcnle  of  using nuclear  power sources.

After a l l  t h e  a n a l y s i s ,  a n d  while t h e r e
are ililportant differences between Barth
o rb i t i ng spacecra f t and p lane ta ry
spacecraft, they are still more alike than
d i f fe ren t  fo r  s imple  f lyby  and  o rb i t e r
missions. If NASA is to be successful in
implementing its v i s i o n  o f “better ,
faster , chcapcr” planetary missions,
then t h e  b u i l d e r s o f  Earth o r b i t i n g
s p a c e c r a f t  will have to pay at tent ion to
t h c. unique a s p e c t s  o f p lane ta ry
spacecraft while still p r o d u c i n g small,
reliable, low cos t  spacecra f t .  We hope
that this paper will be contribute to the
success of those missions,

. . . . .—. -— —..... .—-— ——— - -.. . ..-— .— .--—
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